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Abstract: Atmospheric circulation over mountainous regions is more complex than over flat terrain
due to the interaction of flows on various scales: synoptic-scale flows, thermally-driven mesoscale
winds and turbulent fluxes. In order to faithfully reconstruct the circulation affecting the dispersion
and deposition of pollutants in mountainous areas, meteorological models should have a sub-
kilometer grid spacing, where turbulent motions are partially resolved and the parametrizations
of the sub-grid scale fluxes need to be evaluated. In this study, a modelling chain based on the
Weather Research and Forecasting (WRF) model and the chemical transport model Flexible Air
Quality Regional Model (FARM) is applied to estimate the pollutant concentrations at a 0.5 km
horizontal resolution over the Aosta Valley, a mountainous region of the northwestern Alps. Two
pollution episodes that occurred in this region are reconstructed: one summer episode dominated
by thermally-driven winds, and one winter episode dominated by synoptic-scale flows. Three WRF
configurations with specific planetary boundary layer and surface layer schemes are tested, and
the numerical results are compared with the surface measurements of meteorological variables at
twenty-four stations. For each WRF configuration, two different FARM runs are performed, with
turbulence-related quantities provided by the SURface-atmosphere interFace PROcessor or directly
by WRF. The chemical concentrations resulting from the different FARM runs are compared with the
surface measurements of particulate matter of less than 10 µm in diameter and nitrogen dioxide taken
at five air quality stations. Furthermore, these results are compared with the outputs of the modelling
chain employed routinely by the Aosta Valley Environmental Protection Agency, based on FARM
driven by COSMO-I2 (COnsortium for Small-scale MOdelling) at 2.8 km horizontal grid spacing.
The pollution events are underestimated by the modelling chain, but the bias between simulated
and measured surface concentrations is reduced using the configuration based on WRF turbulence
parametrizations, which imply a reduced dispersion.

Keywords: complex terrain; high-horizontal resolution; turbulence parametrizations; pollutant
dispersion modelling

1. Introduction

Atmospheric transport processes over complex terrain are the result of a wide spec-
trum of flows acting and interacting at different spatial and temporal scales. Mountain
chains can modify synoptic-scale flows, trigger mesoscale winds and alter the properties of
turbulent fluxes. The inhomogeneity of the terrain and land cover modifies the mesoscale
fluxes and influence the spatio-temporal evolution of microscale fluxes [1,2]. Recent applica-
tions of meteorological models over complex terrain show their ability to capture the main
features during selected episodes, but the most local characteristics, such as slope winds,
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are challenging to describe (among others: [3–5]). The atmospheric circulation strongly
influences pollutant concentrations, which depend on emissions, dispersion, deposition
and chemical transformation phenomena. In mountain valleys, the summer convective
conditions can enhance the pollutant dispersion, sometimes transporting pollution to high
altitudes, whereas during winter, stable atmospheric conditions and inversion temperature
profiles can strongly reduce dispersion phenomena [6].

The study of pollution episodes in mountain valleys is usually performed by ana-
lyzing observation data [7] and numerical simulations [8]. In order to describe the most
important topographical features, meteorological and dispersion models should be run
at a horizontal grid spacing lower than one kilometer. The challenge to run models at
high resolutions implies a detailed description of the land use [4] and an adequate de-
scription of the atmospheric processes at the sub-kilometer scale [9]. Wyngaard [10] called
the sub-kilometer scale “terra incognita” as some atmospheric processes, mainly in the
PBL (Planetary Boundary Layer), are neither sub-grid nor fully resolved. Some efforts
in modelling the sub-kilometer scales are actually addressed in new schemes for the con-
vective boundary layer [11], whose turbulence parameters depend on grid spacing, but
a comprehensive theoretical and numerical description is still missing. The comparison
of different PBL schemes of the Weather Research and Forecasting model for air quality
regional forecasts is a matter of study [12], as is the exploitation of the micrometeorological
parameters provided by the new-generation mesoscale meteorological models [13]. Further-
more, in off-line dispersion modelling, micrometeorological pre-processors are commonly
used to compute the PBL parameters according to the available meteorological information
and the chemical species characteristics [14].

The present study considers two transport episodes of polluted air masses from the
Po Basin to the Aosta Valley (North-Western Alps). This area is an ideal scenario for inves-
tigating how the orography impacts the development of pollution events: mechanically
and thermally driven winds, Foehn and temperature inversions are frequent. In particular,
plain-valley circulations strongly influence the long-term atmospheric composition [15,16]
and can trigger severe pollution episodes [17].

The two case studies occurred in summer 2015 and winter 2017 and represented typical
atmospheric conditions occurring in the investigated area, as previously studied from the
pollutant dispersion point-of-view by Diémoz et al. [15,17]. They are reconstructed using a
high-resolution modelling system (0.5 km grid spacing) based on the Weather Research
and Forecasting (WRF, [18]) model as the meteorological driver, coupled to the Flexible
Air quality Regional Model (FARM) as the chemical transport model. The simulations are
performed applying different PBL and surface layer schemes in the WRF model to inves-
tigate their impact in describing the atmospheric conditions characterizing the episodes.
Moreover, two different configurations of the modelling chain, with different coupling
levels between the meteorological driver and the chemical transport model concerning
the parametrizations of the turbulent fluxes, are applied to test their performance in re-
constructing the pollutant concentrations. The simulated meteorological and chemical
quantities are evaluated against the observations from twenty-four weather stations and
five air quality stations and are compared with the results of the modelling chain operat-
ing at the Aosta Valley Environmental Protection Agency (ARPA) and based on FARM
driven by the meteorological model COSMO-I2 (COnsortium for Small-scale MOdelling
https://www.cosmo-model.org/, accessed on 22 December 2021) at 2.8 km resolution.

2. Materials and Methods
2.1. Case Studies

The considered area is located in the northwestern Italian Alps (Figure 1). The re-
gion presents a major valley (Aosta Valley), with the valley floor ranging between 300 to
1100 m.a.s.l., while the surrounding peaks reach the altitude of 3800–4000 m.a.s.l. on the
south and 4500–4800 m.a.s.l. on the north side. The main valley is approximately oriented

https://www.cosmo-model.org/
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north-south in the first branch connected to the plain (Po Valley), and west-east oriented in
the middle part, where Aosta town is located.

Figure 1. (A) Map of North Italy and neighbouring countries. (B) The orography of Aosta Valley
(in grayscale) with the meteorological (orange dots) and chemical (green dots) stations. Chemical
stations are shortened as: AO-MF Aosta Mont Fleury, AO-PL Aosta Piazza Plouves, ETR Etroubles,
DON Donnas, THGR La Thuile.

The summer case study (25 August–1 September 2015) is representative of high-
pressure conditions (Figure 2a), triggering the development of a strong mesoscale circu-
lation between the plain and the alpine valleys with higher intensity near the surface.
The particulate matter concentrations follow the daily cycle of thermally driven winds, as
shown by surface measurements and vertical profiles supplied by the ALC (Automated
Lidar Ceilometer) in Saint-Christophe [17].
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Figure 2. Surface pressure with fronts, high (H) and low (L) barometric centers. The location of Aosta
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2015 at 06 UTC), while panel (b) is representative of the winter case (26 January 2017 at 12 UTC).
Deutscher Wetterdienst Archive.
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In the winter case study (24–31 January 2017), synoptic flows dominate transport
processes, while weak winds and atmospheric stability prevail in the valleys (Figure 2b).
The particulate concentrations rise concurrently with the flow rotation from the South-East,
reaching surface values higher than 100 µg m−3 in Aosta, and do not decrease until the
synoptic flow rotation from the North-West, as shown by the aerosol layer measured by the
ALC [17].

2.2. Meteorological and Chemical Stations

In the present analysis, twenty-four meteorological stations managed by the local
bureau of meteorology (Centro Funzionale della Valle d’Aosta, https://cf.regione.vda.it/,
accessed on 22 December 2021) are chosen in the Aosta Valley to compare the meteoro-
logical simulations with observations. They are located at altitudes ranging from 341 m
to 2500 m.a.s.l. (Figure 1). The considered quantities, at a time resolution of 30-min, are:
temperature at 2 m (T2m), wind speed and direction at 10 m (W10m), relative humidity
(RH), atmospheric pressure (P) and global radiation (SW). Hourly and daily time series
of particulate matter of less than 10 µm of diameter (PM10) and nitrogen dioxide (NO2)
concentrations come from five ARPA chemical stations, representative of different rural
and urban areas. The complete list of the station characteristics is reported in Table 1.

Table 1. List of the weather and chemical station used for comparisons. The measured quantities
are shorted as follow: T2m—2 m-temperature, W10m—Wind speed and direction, RH—relative
humidity, R—rain, P—atmospheric pressure, SW—global radiation, PM10—Particulate Matter less
than 10 µ concentration, NO2—nitrogen dioxide concentration.

Station Name Latitude (N) Longitude
(E) Altitude (m) Altitude on WRF

d03 (m) Parameters

Aosta Mont Fleury 45.731 7.299 577 569 NO2

Aosta Piazza Plouves 45.737 7.324 580 584 PM10, NO2

Etroubles 45.817 7.233 1339 1278 PM10, NO2

La Thuile 45.730 6.967 1637 1622 PM10, NO2

Donnas 45.597 7.766 341 357 PM10, NO2

Bard 45.615 7.750 662 640 T2m, W10m, RH, R

Saint-Christophe 45.739 7.363 545 540 T2m, W10m, RH, R, P, SW

Saint-Vincent 45.750 7.653 626 654 T2m, W10m, RH, R, P, SW

Villeneuve 45.707 7.207 839 779 T2m, RH, R, P, SW

Valpelline 45.827 7.340 1029 1047 T2m, W10m, R

Nus-Saint- Barthélemy 45.790 7.478 1675 1551 T2m, W10m, RH, R, P, SW

Gressan-Pila 45.664 7.309 2280 2212 T2m, W10m, RH, R, SW

Valsavaranche-Pont 45.527 7.201 1951 2007 T2m, W10m, RH, R, SW

Courmayeur 45.817 6.982 2076 2153 T2m, W10m, RH, R, P, SW

Cogne Lillaz 45.595 7.392 1613 1676 T2m, R

Brusson 45.762 7.718 1288 1314 T2m, W10m, RH, R

Gressoney-La-Trinité
D’Ejola 45.856 7.815 1837 1891 T2m, R

Saint-Denis 45.750 7.576 840 658 T2m, W10m, RH, R, SW

Quart-Ollignan 45.748 7.374 650 615 T2m, W10m, RH, R, SW

Champorcher 45.625 7.609 1640 1619 T2m, W10m, RH, R, SW

Issime 45.687 7.856 960 1115 T2m, W10m, RH, R

https://cf.regione.vda.it/
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Table 1. Cont.

Station Name Latitude (N) Longitude
(E) Altitude (m) Altitude on WRF

d03 (m) Parameters

Jovençan 45.709 7.265 670 647 T2m, W10m, RH, R

Pré-Saint- Didier 45.755 6.952 2044 2121 T2m, W10m, RH, R, P, SW

Roisan 45.782 7.317 935 1069 T2m, W10m, RH, R

Saint-Rhémy-en-Bosses 45.841 7.149 2500 2410 T2m, W10m, RH, R, P, SW

Verrès 45.665 7.686 375 361 T2m, RH, R, P, SW

Morgex 45.758 7.038 938 361 T2m, W10m, RH, R, P, SW

La Thuile La Grande
Tête 45.684 6.916 2430 2430 T2m, W10m

Cogne Grand-Crot 45.588 7.367 2279 2237 T2m, R

2.3. Modelling System
2.3.1. Meteorological Model

In order to simulate the atmospheric circulation over the investigated area, the WRF
model (Version 4.1.2) is applied. The configuration provides three nested domains centered
at the coordinates 45.733◦ N and 7.333◦ E. The outer d01 domain covers a part of central
Europe and simulates the large-scale dynamics driven by the 3-h ERA5 re-analysis of
the ECMWF [19]. The middle d02 domain supplies the scale reduction necessary to
simulate in detail the atmospheric fluxes in the innermost d03 domain that covers Aosta
Valley and the neighboring areas (Figure 3). The grid sizes and the features of each
domain are summarized in Table 2. The WRF model nesting is applied in the two ways
configuration. The vertical grid consists of 44 eta-levels, with 12 levels below 1000 m.a.g.l.
In the innermost domain, the topography is the Shuttle Radar Topography Mission (SRTM,
3-arc-second resolution [20]), and the land use is the Corine Land Cover 2012 (CLC 2012,
100 m resolution, [21]) consisting of 44 classes. A detailed description of the model setup is
available in [7].

Sub-grid processes are parametrized by applying specific schemes of the WRF envi-
ronment. In all simulations, the longwave radiation scheme is the Rapid Radiative Transfer
Model GCMs (RRTMG, [22]), the shortwave radiation one is the Dudhia [23] and the effects
of topography shading on the shortwave radiation are considered over the d02 and d03
domains. The microphysics scheme is the WRF Single-Moment 6-class (WSM6, [24]), and
the cumulus parametrization is activated for the d01 domain [25]. The Land Surface Model
is Noah LSM [26]. The horizontal turbulent diffusion is parametrized with the Smagorinsky
first-order closure, calculated in the physical space over d02 and d03 to correctly divide the
horizontal and vertical fluxes over the slopes.
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Figure 3. The domains of the WRF simulations; the topography is provided on grid points by the
WRF preprocessing system. The red dot indicates the position of Aosta.

Table 2. Features of the WRF simulations.

Domain 1 Domain 2 Domain 3

Horizontal grid
spacing and points 4.5 km (200 × 200) 1.5 km (190 × 190) 0.5 km (178 × 178)

Timestep 12 s 4 s 1.33 s

Initial and boundary
conditions ECMWF ERA 5 reanalysis 3-h [19]

Microphysics WRF single-moment 6-class scheme [24]

PBL physics + surface
layer see Table 3

Land surface Unified Noah [26]

Radiation RRTMG longwave scheme [24]
Dudhia shortwave scheme [23]

Topography radiation
shading Not active

Activated with
shadow length of

10 km

Activated with
shadow length of

10 km

Cumulus Grell and Freitas, [25] explicit explicit

Land use CLC 2012 [21]

Topography GMTED 2010, 30” GMTED 2010, 30” NASA SRTM 3”

Diffusion option Smagorinsky first-order closure

6th order numerical
diffusion Activated with up-gradient diffusion prohibited
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Table 3. Features of the applied WRF configurations.

WRF Configurations WRF YSU WRF MYNN2.5 WRF MYNN3

PBL physics YSU [25] MYNN2.5 EDMF
[28,30] MYNN3 [27]

Surface layer MM5 revised SL [29] MYNN scheme MYNN scheme

Topography wind
interaction Activated Not present Not present

The three tested WRF configurations differ in the parametrizations of the vertical
turbulent fluxes, and the PBL schemes will be used hereafter to indicate the WRF simu-
lations (Table 3). The set of PBL schemes are the Yonsei University (YSU, [27]) scheme,
a diagnostic non-local scheme with an explicit description of the entrainment processes,
the Mellor–Yamada–Nakanishi–Niino level 2.5 Eddy Diffusivity Mass-Flux (MYNN2.5
EDMF, [28]) scheme, with a mass-flux approach where the grid size limits the eddy size,
making this scheme partially scale adaptive, and the Mellor–Yamada–Nakanishi–Niino
level 3 (MYNN3, [29]) scheme, anturbulent kinetic energy prediction scheme with spe-
cific formulations of non-local turbulent transport. The formulation of the PBL height is
based on the minimum heat flux level in the first-order scheme and the turbulent kinetic
energy in the second-order schemes. The SL scheme set in the YSU configuration is the
fifth-generation Mesoscale Model revised surface layer (MM5, [30]), while in the MYNN2.5
EDMF and MYNN3 configurations it is the Mellor–Yamada–Nakanishi–Niino surface layer
(MYNN, [31]). In the MYNN2.5 EDMF configuration, the advection of the turbulent kinetic
energy is activated over the d02 and d03 domains.

2.3.2. Air Quality Modelling System

The applied air quality modelling system is based on the Flexible Air Quality Regional
Model (FARM, http://farm-model.org, accessed on 22 December 2021), a 3D Eulerian
model simulating dispersion and chemical reactions of atmospheric pollutants. The chemi-
cal transport model FARM is driven by an emission manager providing the emission rates
over the domain and at the boundaries, a meteorological model describing the mean flow
characteristics, and a micrometeorological pre-processor computing the meteorological
information not available in the standard outputs of the applied meteorological driver,
primarily the parametrizations of the sub-grid scale fluxes and the chemical-dependent
parameters.

In the present work, the emission data over the FARM domain, included in the WRF
d03 domain, come from the Aosta Valley emission inventory (managed by ARPA), and are
pre-processed by EMMA (Emission Manager, http://doc.aria-net.it/EmissionManager,
accessed on 22 December 2021) that prepares gridded hourly emissions. The initial and
boundary conditions come from QualeAria (http://qualearia.it, accessed on 22 December
2021), a forecast system for the air quality in Italy and Europe. The meteorological driver
is WRF, whose output fields (available every 30 min) are adapted by a module (GAP)
to the FARM grid, featuring 32 vertical levels above the ground and 0.5 km horizontal
grid spacing. The pre-processor SURFPRO (SURface-atmosphere interFace PROcessor,
http://doc.aria-net.it/SURFPRO, accessed on 22 December 2021) is used to compute,
based on the WRF wind, temperature, pressure, humidity, cloud cover and precipitation
fields and land use information (CLC 2012): the turbulent and deposition fluxes of the
chemical species described by FARM, through specific parametrizations [32]. In this work,
the horizontal eddy diffusivity is calculated with the Smagorinsky first-order closure plus a
stability-dependent term, and the vertical fluxes are described with a local approach where
the diffusion coefficient depends on the friction velocity and the PBL height, which is set
equal to a constant in the free atmosphere [33]. The PBL height formulation is based on the
potential temperature profile in unstable conditions, while in stable conditions, it uses the
friction velocity [34].

http://farm-model.org
http://doc.aria-net.it/EmissionManager
http://qualearia.it
http://doc.aria-net.it/SURFPRO
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In this study, two modelling setups (Figure 4) are tested for each WRF configuration
(a total of six runs). In the first setup, the turbulence diffusion coefficients and scaling
parameters are provided by WRF, allowing a better dynamical description since they are
computed at each time-step taking account of the complete and updated set of meteoro-
logical quantities, while in the second setup, they are provided by SURFPRO driven by
the 30-min WRF fields. The micrometeorological pre-processor provides the deposition
velocities in both setups, as they are specific to the chemical species described by FARM.

Figure 4. Setups of the air quality modelling chain based on the WRF meteorological driver.

2.4. Evaluation and Analysis

In order to assess the ability of the high-resolution meteorological model (in the
three configurations) to reconstruct the atmospheric circulation during the episodes, the
numerical results are compared with the surface measurements of the weather stations. The
assessment of the model results is performed by looking at the time series of the individual
stations to characterize the temporal evolution of the meteorological quantities for different
altitude, slope and orientation conditions, and by grouping the data of all the stations
by variable to derive a statistically robust evaluation of the model performance for the
entire episode. The considered metrics are the Pearson’s correlation coefficient (R2), the
Normalized Mean Bias (NMB), the Normalized Mean Gross Error (NMGE), the Root Mean
Squared Error (RMSE) and the distribution quantiles, where:

R2 = 1− ∑n
i=0(Oi −Mi)

2

∑n
i=0
(
Oi −O

)2 (1)

NMB =
∑n

i=0(Mi −Oi)

∑n
i=0 Oi

(2)

NMGE =
∑n

i=0 Mi −Oi∨
∑n

i=0 Oi
(3)

RMSE =

√
∑n

i=0(Mi −Oi)
2

n
(4)

where Mi is the i-th modelled value, and Oi is the i-th observed value.
Moreover, WRF temperature, water vapor mixing ratio and horizontal wind compo-

nents are qualitatively examined with respect to the outputs of the COSMO-I2 model.
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In order to assess the sensitivity of the simulated chemical concentrations to turbulence
parametrizations, the FARM outputs are compared with the PM10 and NO2 observed
concentrations. The comparison is performed between the modelled and the observed
time series at the individual stations, to characterize the evolution of the pollutants in both
rural and urban sites, and grouping the data of all the stations by variable to derive—if
their number is sufficient—the same metrics as above. In order to interpret the different
results of the two setups, the eddy diffusivities, the PBL heights and the friction velocities
diagnosed by WRF and SURFPRO are compared.

Furthermore, the PM10 and NO2 concentrations simulated by the WRF modelling
chain are qualitatively compared with the outputs of FARM driven by COSMO-I2, to assess
the impact of grid size in modelling the spatio-temporal evolution of concentrations over
the considered area.

3. Results
3.1. Summer Case Study
3.1.1. Meteorological Quantities

The model-based meteorological time series are in general agreement with the ob-
servations. WRF correctly reproduces the daily cycle of the 10 m wind speed (Figure 5)
in the stations located at both low and high altitudes, while the nighttime temperature
is slightly overestimated in the stations located at the valley floor and the humidity is
generally underestimated in particular on the 29th and 30th of August (not shown).

Figure 5. Wind speed at 10 m observed and modelled at Aosta Saint-Christophe.

The performances of the applied WRF configurations over the entire episode are
quantitatively similar. In particular, for temperature and relative humidity, the WRF YSU
simulation features slightly higher correlations with the measures (Table 4), whereas for
the wind speed, the WRF YSU, with the topography wind interaction activated, and
the WRF MYNN2.5 performances are comparable. Indeed, the scale-adaptive mass-flux
scheme for momentum activated in the WRF MYNN2.5 configuration contributes mainly
in unstable summer conditions. The NMB, NMGE and RMSE confirm the agreement
between simulated and observed surface temperatures and a general underestimation of
the humidity (Table 4).

The comparison between WRF and COSMO-I2 fields at 500 and 700 hPa shows a
similar reconstruction of the synoptic circulation and of the mesoscale flows above the
Alpine chain. At 850 hPa over the Po Valley, the models simulate a different evolution of
the humidity, with higher values reconstructed by COSMO-I2, and of the thermally driven
circulation from the plain to the mountains, with stronger up-valley winds simulated by
WRF (Figure 6).
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Table 4. Statistics between modelled and observed data at all observation sites.

Variable Statistics WRF YSU WRF MYNN2.5 WRF MYNN3

T2m

R2 0.94 0.94 0.92

NMB 0.07 0.07 0.03

NMGE 0.10 0.11 0.11

RMSE [◦C] 2.3 2.4 2.4

P

R2 1.00 1.00 1.00

NMB 0.002 0.002 0.002

NMGE 0.006 0.006 0.006

RMSE [hPa] 8.0 8.0 8.1

RH

R2 0.43 0.37 0.24

NMB −0.30 −0.30 −0.28

NMGE 0.32 0.32 0.32

RMSE [%] 0.3 0.3 0.3

W10m

R2 0.64 0.67 0.64

NMB 0.58 0.68 0.41

NMGE 0.84 0.90 0.75

RMSE [m s−1] 1.8 1.9 1.7

SW

R2 0.94 0.95 0.95

NMB −0.12 −0.12 −0.12

NMGE 0.28 0.28 0.28

RMSE [W m−2] 115 114 113

Figure 6. Winds at 850 hPa (arrows) and water vapor mixing ratio (color scale) over WRF d03 domain
(panels (a–c)) and COSMO-I2 cut-out in panel (d), on 2015-08-28 18 UTC.
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3.1.2. Turbulence Parametrizations and Chemical Quantities

The comparison between the PBL heights, the friction velocities, and the eddy diffu-
sivities computed by WRF and SURFPRO shows that, in stable conditions, the turbulence
parameters diagnosed by both models are comparable, whereas, in unstable conditions,
SURFPRO implies a stronger turbulent diffusion than the WRF configurations. Indeed,
during the day, SURFPRO computes an higher PBL than the applied WRF configurations
over the entire FARM domain. In Figure 7, the PBL height computed by the three WRF
configurations (panels a–c) and by SURFPRO driven by the WRF YSU meteorological
fields (panel d) are reported. Only results from SURFPRO driven by WRF YSU are shown,
since the SURFPRO results derived with the other configurations of the meteorological
driver are similar. The values and patterns are representative of the daytime conditions
during the entire episode, characterized by a specific meteorological situation, and show
that the PBL height spatial variability described by SURFPRO is reduced. The friction
velocities computed by the different PBL parametrizations are of the order of magnitude of
1 m s−1, but SURFPRO diagnose higher values in the valley in both daytime and nighttime
conditions.

Figure 7. PBL heights as computed by the applied WRF configurations (panels (a–c)) and SURFPRO
driven by the WRF YSU meteorological data (panel (d)), on 2015-08-27 12 UTC. In panels (a–c), the
coordinate system is WGS84, while in panel (d), the coordinates are in kilometers referred to the UTM
(32N).

The eddy diffusivities are considered at five vertical levels ranging from 18 to 1792
m.a.g.l., and the major differences concern the horizontal eddy diffusivity near the surface,
where SURFPRO diagnose values of one order of magnitude higher than the corresponding
fields diagnosed by WRF, due to the contribution of the stability class-dependent term that
dominates over the entire domain during the day. The vertical eddy diffusivity computed
by SURFPRO features a spatial pattern similar to the friction velocity both near the surface
and at elevated levels, while WRF provides a more pronounced vertical variability, with
values of the order of magnitude of 101 m2 s−1 near the surface and of 10−2 m2 s−1 at 480
and 1792 m.a.g.l. (one order of magnitude smaller than the corresponding SURFPRO field).

It is worth noting that the WRF YSU configuration reconstructs a strong gradient
of the PBL height at the plain-mountain interface, highlighting that the schemes based
on thermodynamic vertical profiles are not appropriate over complex terrain, where a
multi-layer structure characterizes the PBL. Concerning the MYNN configurations, the
PBL heights feature the same pattern of the turbulent kinetic energy: the shear energy
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production dominates in the valleys, whereas the buoyancy energy production is effective
over the whole domain during the day (not shown).

The time series of the pollutant concentrations resulting from the two setups (see
Figure 4) of the modelling system are compared with the measurements of NO2 available
in the air quality stations at hourly resolution, and of PM10 available at the Aosta Piazza
Plouves station at hourly resolution and at Donnas as daily averages. Both setups correctly
reproduced the daily pollutant cycle, but the concentrations are underestimated during the
entire episode. In the first setup, the bias between modelled and observed concentrations
is smaller with respect to the second setup, due to the reduced dispersion implied by the
WRF turbulence parametrizations. The NMB, NMGE, and RMSE derived grouping all NO2
data confirm the better performance of the first setup (Table 5).

Table 5. Statistics between modelled and observed NO2 concentrations with the two setups.

Statistics Setup WRF YSU-FARM WRF
MYNN2.5-FARM

WRF
MYNN3-FARM

NMB 1 −0.66 −0.65 −0.57

2 −0.73 −0.71 −0.63

NMGE 1 0.71 0.70 0.64

2 0.75 0.73 0.67

RMSE [µg m−3] 1 12.2 12.0 11.2

2 12.6 12.3 11.3

The PM10 hourly time series of the Aosta Piazza Plouves station confirms that the
first setup reconstructs higher surface concentrations (Figure 8), and the daily averages of
Donnas indicate a significant underestimation of the particulate matter near the South-East
boundary of the domain (not shown). The latter result, and the presence of NO2 and PM10
concentrations remarkably higher than the seasonal averages in both rural and urban sites
indicate that the transport of polluted air masses from the Po Basin, triggered by the plain-
mountain circulation, is an important contributor to the pollution episode. Moreover, the
difference between observed and simulated concentrations, the latter following the daily
cycle of the local emissions, can be explained by underestimated boundary emission rates.

Figure 8. Modelled (setup 1, setup 2) and observed particulate matter time series in the Aosta Piazza
Plouves station.

At a regional scale, the spatial patterns of the chemical concentrations resulting from
the two setups of the WRF modelling chain are similar (Figure 9a–c). The comparison with
the COSMO-I2 modelling chain (Figure 9d) shows that the spatial patterns reconstructed by
the WRF modelling chain have a more significant variability both near the surface, where
the flows are channelled in the tributary valleys), and in the free troposphere.
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Figure 9. Simulated NO2 fields 18 m.a.g.l. over the Aosta Valley, at 09 UTC 28-08-2015. In panels
(a–c), the WRF modelling chain setup1 is depicted with the coordinate system is WGS84, while in
panel (d), the COSMO-I2 modelling chain is depicted with coordinates in kilometers referred to the
UTM (32N).

3.2. Winter Case Study
3.2.1. Meteorological Quantities

The modelled dynamic and thermodynamic variables’ time series correctly reproduces
the episode’s atmospheric conditions. The relative humidity increases from 26 to 29 January,
when the synoptic flow turns from West to South-East, and the wind speed in the stations
located at high altitudes, representative of the synoptic circulation, is moderate during the
same period (Figure 10). On the contrary, both measured and observed wind speeds in the
valleys are weak and irregular due to the atmospheric stability prevailing during the entire
episode and triggering intermittent submeso flows.

Figure 10. Wind speeds at 10 m at Saint-Rhémy-en-Bosses Mont Botzalet.

These irregular flows cause lower correlation coefficients between modelled and
observed wind speed time series concerning the summer episode, characterized by a
thermally driven circulation of moderate intensity near the surface. The thermodynamic
variables feature higher correlations with measures, but a general underestimation of the
humidity is present, with −0.17 < NMB < −0.14 (Table 6).



Atmosphere 2022, 13, 167 14 of 20

Table 6. Statistics between modelled and observed data. The precipitation statistics are not reported
since significant precipitation events do not characterize the episode.

Variable Statistics WRF-YSU WRF-MYNN2.5 WRF-MYNN3

T2m

R2 0.81 0.79 0.79

NMB 0.20 −0.22 −0.26

NMGE −1.05 −1.02 −1.03

RMSE [◦C] 2.4 2.5 2.5

P

R2 1.00 1.00 1.00

NMB 0.002 0.002 0.002

NMGE 0.003 0.003 0.003

RMSE [hPa] 4.3 4.2 4.2

RH

R2 0.57 0.55 0.55

NMB −0.14 −0.17 −0.16

NMGE 0.24 0.25 0.25

RMSE [%] 0.2 0.2 0.2

W10m

R2 0.47 0.40 0.41

NMB 0.27 0.46 0.46

NMGE 0.82 0.95 0.94

RMSE [m s−1] 1.5 1.9 1.9

SW

R2 0.86 0.87 0.87

NMB −0.44 −0.45 −0.45

NMGE 0.50 0.51 0.51

RMSE [W m−2] 103 104 103

WRF and COSMO-I2 describe similar atmospheric circulations at 500 and 700 hPa,
with flows blowing from South-East (Figure 11) from 26 to 29 January and the advection of
a warmer air mass at high altitudes on 27 January. At 850 hPa WRF describes in detail the
impact of the Alpine chain, channeling and modifying the synoptic flows.

3.2.2. Turbulence Parametrizations and Chemical Quantities

The horizontal and vertical eddy diffusivities computed with SURFPRO are higher
with respect to the corresponding coefficients computed by WRF at all considered vertical
levels, ranging from 18 m to 1792 m.a.g.l., especially near the surface (Figure 12). In
particular, within 100 m.a.g.l., the vertical eddy diffusivity diagnosed by the applied
SURFPRO scheme is one order of magnitude higher than the corresponding WRF fields
(on the order of 1 m2 s−1) and features the same pattern of the friction velocity, which
represents the major contributor to the turbulent dispersion during the episode due to
the strong synoptic circulation and local stability. In contrast to the summer episode, the
horizontal eddy diffusivities computed by the different models and schemes are of the same
order of magnitude since the stability-dependent term is not dominant. The PBL height and
the friction velocity, involved in the formulations of the diffusion coefficients, are higher on
average with the SURFPRO formulation. The PBL height does not rise above 100 m.a.g.l. in
the valleys during the entire episode due to the atmospheric stability and the consequent
mixing inhibition, while the friction velocity is higher on the Alpine chain, where it reaches
values close to 5 m s−1, due to the shear of the synoptic flows. The spatial patterns of the
TKE predicted by the MYNN configurations are similar to those of the friction velocity near
the surface, where the shear energy production is dominant (not shown).
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Figure 11. The 700 hPa winds (arrows) and water vapor mixing ratio (color scale) over WRF d02
domain (panels (a–c)) and the same portion of the COSMO-I2 domain (panel (d)), 2017-01-28 12 UTC.

Figure 12. Vertical diffusion coefficients at 18 m.a.g.l., 2017-01-28 12 UTC. In panels (a–c), WRF is
shown in WGS84 coordinates, while in panel (d) SURFPRO is shown driven by WRF YSU where the
coordinate system is UTM (32N) in kilometers.

The time series resulting from the two setups are compared with the hourly data of
NO2 and PM10 available at the air quality stations. In general, the daily cycle of pollutants
is captured by the model, but the simulated concentrations do not rise significantly during
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the transport episode in both rural and urban sites (Figure 13). The presence of high NO2
and PM10 concentrations in rural areas, and their persistence during the entire episode, may
indicate a non-local component of the pollutant concentrations, mainly advected from the
Po Basin by the synoptic circulation and trapped in the valley due to the strong atmospheric
stability.

Figure 13. Modelled and observed nitrogen dioxide time series at the Aosta Mont Fleury station.

The bias between modelled and observed concentrations is reduced with the first setup
due to the reduced dispersion at local scale described by the applied WRF configurations.
The NO2 time series simulated by the first setup result in lower values of NMB, NMGE
and RMSE (Table 7). Concerning the PM10 concentrations (Table 8), the contribution of the
Aosta Piazza Plouves station, where the PM10 is overestimated, causes positive NMB and
higher NMGE and RMSE in the first setup (Table 8) and highlights the need for long-term
analysis to derive a robust statistical evaluation.

The concentrations simulated by the WRF modelling chain describe more realistically
the impact of the orography channeling the advective fluxes from the Po Basin and the
emission sources acting over the considered domain with respect to COSMO-I2 modelling
chain (setup1 in Figure 14).

Table 7. Statistics between modelled and observed NO2 concentrations at all measurement sites with
the two setups.

Statistics Setup WRF YSU-FARM WRF
MYNN2.5-FARM

WRF
MYNN3-FARM

NMB 1 −0.69 −0.72 −0.72

2 −0.77 −0.79 −0.79

NMGE 1 0.70 0.72 0.73

2 0.78 0.79 0.79

RMSE [µg m−3] 1 38.2 39.5 39.6

2 42.1 42.6 42.8
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Table 8. Statistics between modelled and observed PM10 concentrations with the two setups.

Statistics Setup WRF YSU-FARM WRF
MYNN2.5-FARM

WRF
MYNN3-FARM

NMB 1 0.02 0.03 0.02

2 −0.22 −0.24 −0.25

NMGE 1 0.95 0.93 0.94

2 0.89 0.86 0.87

RMSE [µg m−3] 1 36.5 35.7 35.8

2 31.9 31.0 31.3

Figure 14. Simulated PM10 fields 18 m.a.g.l. over the Aosta Valley, at 09 UTC 27-01-2017. In panels
(a–c), WRF modelling chain setup1 is depicted with the WGS84 coordinate system, while in panel (d),
the COSMO-I2 modelling chain is depicted with the UTM (32N) coordinate system in kilometers.

4. Conclusions

In this work, the meteorological and chemical quantities characterizing two pollution
transport episodes, representative of typical atmospheric circulations over complex terrain,
are reconstructed with a high resolution modelling chain based on WRF and FARM. More-
over, two modelling setups with different parametrizations of the sub-grid-scale fluxes and
different coupling levels between the meteorological driver and the chemical transport
model are tested.

The high-resolution WRF model, in the applied configurations, correctly reconstructs
the meteorological circulations characterizing a summer and a winter episode, and trig-
gering the transport of polluted air masses from the Po Basin to the North-Western Alps.
Indeed, WRF surface fields have good correlations with the observations in both episodes.
WRF and COSMO-I2 reconstruct similar synoptic circulations, and the higher resolution me-
teorological model describes in more detail the impact of the Alpine chain on the mesoscale
circulation.

The first modelling chain setup, which uses the turbulent parameters directly eval-
uated during the WRF run, calculates higher surface concentrations of PM10 and NO2.
Indeed, the turbulent diffusion coefficients and scaling parameters resulting from the WRF
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configurations imply a reduced dispersion in both stable and unstable regimes with respect
to the corresponding fields diagnosed by SURFPRO (second setup). The sensitivity to the
modelling chain setups, featuring different formulations of the turbulence parametrizations,
is greater than the sensitivity to the schemes set internally in WRF. The results of the first
setup are in better agreement with the measurements and underline the added value of
calculating the turbulence-related fields directly inside the meteorological model, instead
of using external tools driven by a limited set of outputs of the meteorological model. The
simulated pollutant concentrations are sensitive to the turbulence parametrizations at a
local scale, where turbulent fluxes act, while the spatial resolution impact is primarily felt
at the regional scale.

The difference between simulated and observed PM10 and NO2 concentrations, even
if reduced in the first setup, is present using all the applied configurations of the modelling
chain. It suggests an underestimation in the boundary and initial emission rates, particu-
larly evident in these episodes characterized by a consistent advection from the South-East
boundary of the domain (adjacent to the Po Basin). Purpose realistic boundaries and initial
emission rates are fundamental to improving the modelling of such air pollution events.

In conclusion, the modelling of pollutant dispersion over complex terrain should take
into account improvements in an accurate description of turbulence at the sub-kilometer
scale, inside the “terra incognita”, and in accurate initial and boundary conditions of the
pollutant concentration fields.
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